We report the measurement of optically rectified terahertz (THz) wave power relative to the optical excitation area. Rectified THz wave power reaches its maximum when radius r of the optical excitation area is comparable to the center wavelength of the rectified THz radiation. When r is smaller than the center wavelength of the rectified THz radiation, an r 2 relationship is demonstrated. A model based on optical rectification and Bethe's diffraction theory is used to describe this relationship.
T-ray imaging has progressed rapidly since Hu and Nuss 1 and Wu et al. 2 achieved T-ray imaging systems. T-ray imaging, limited by its long wavelength, cannot give high spatial resolution without involving near-field techniques. With a subwavelength aperture, the spatial resolution of terahertz (THz) imaging can surpass the wavelength limit 3 -5 and can even be as great as 7 mm. 6, 7 In all near-f ield microscopes the increase in spatial resolution is accompanied by a power reduction of r 6 ͞l 4 that is due to diffraction effects of the subwavelength source. 8, 9 This reduction limits the power throughput and spatial resolution of a near-f ield THz wave microscope, including near-f ield microscopic imaging.
Another technique for bypassing the wavelength limit, 10 which may avoid a reduction in power proportional to r 6 ͞l 4 , is to operate without an aperture or a near-field tip. In optical rectif ication, one can create a THz source by focusing the optical pump beam to a point much smaller than the center wavelength of THz radiation. Attaching the target sample next to the THz source will produce subwavelength spatial resolution. Therefore, understanding the properties of THz generation from an extreme subwavelength area in an optical rectification process is crucial. Until now, the nonlinear optical process that occurs in conditions of subwavelength excitation has not been fully discussed. In addition, the optimal condition of rectified THz power in an electro-optic crystal relative to the optical excitation area has not to our knowledge been reported.
In this Letter we report the measurement of THz generation with a pump beam spot that is comparable to or much smaller than the center wavelength of THz radiation. A model based on optical rectification and diffraction theory fits the experimental result well.
The experimental setup is described in Fig. 1 . A Ti:sapphire (Tsunami, Spectra-Physics) laser, which gives a 150-fs pulse duration with 1.5 W of average power and an 82-MHz repetition rate, was used to generate THz radiation. The femtosecond laser was focused normally in an electro-optic (EO) crystal with a 303 (N.A., 0.4) objective lens to generate THz radiation through optical rectification.
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Scanning the objective lens to make its focal point pass through the EO crystal changed the pump beam's spot size inside the crystal from millimeters to 1.6 mm. We used a Michelson interferometer to obtain the THz waveform, and the spectrum was determined by use of a numerical Fourier transform. 12 One arm of the Michelson interferometer was blocked to permit us to measure the power instead of the waveform. To verify that third-and higher-order nonlinear effects, such as saturation and two-photon absorption, did not modulate the THz power we used an optical attenuator to control the pump power. A silicon bolometer (HDL-5, Infrared Laboratories) was used to measure the THz radiation power. Figure 2 shows THz radiation power P THz versus THz source radius r. In this measurement the pump power was 140 mW. A 0.5-mm-thick, (110)-oriented semi-insulating GaAs wafer was used as the EO crystal, and the THz radiation was collected by an attached hyperhemispheric silicon lens that was designed to collimate a point THz source after a 0.5-mm-thick GaAs wafer and a pair of parabolic mirrors. In this case the radiative THz radiation was completely collected by a bolometer. With resonant absorption for optical excitation at 820 nm, the THz generation depth was limited within the optical absorption length ͑1 mm͒. As a result, THz source radius r can be assumed to be 1͞ p 2 times the optical beam spot radius on the surface of the crystal.
When r is larger than the THz center wavelength in GaAs l TC , THz radiation P THz increases with decreasing r, until r is comparable with l TC , where P THz reaches its maximum. Further decrease of r leads to a decrease of P THz .
The dotted curve in the inset of Fig. 2 shows how THz radiation power changes within the range r , , l TC when r is varied. The negative numbers on the r axis correspond to the crystal's lying between the objective lens and its focal point, and the positive number corresponds to the crystal's lying after the focal point.
We can describe the behavior of THz power change versus r by combining the theory of optical rectification with diffraction theory. In the experiment, P THz is given by
where h dif is a dimensionless diffraction coeff icient induced by the limited source area, S is the source area, and I non is THz intensity generated by second-order nonlinear processes within the EO crystal. Because of optical rectification, I non can be described by I non~I0 2 , where I 0 is the incident optical intensity, whereas incident optical power P 0 is constant,
When r is larger then l TC , the spatial frequency of the source is smaller than the center wave number of the THz radiation. In this case, almost all the generated THz wave can propagate into the far field ͑h dif ഠ 1͒. Therefore P THz ഠ I non S~P 0 2 r 22 ; that is, P THz increases as r decreases. If r , l TC , however, the spatial frequency of the source will be larger than the center wave number of THz radiation, which means that only part of the THz wave within a low spatial frequency can propagate to the far field.
When r , , l TC is satisf ied, the total radiation power diffraction coeff icient of the THz wave can be described by use of the well-known result calculated by Bethe, 8 which is
Combining Eqs. (1)- (3) yields
Relation (4) shows a relationship r 2 between the square of the pump power and the THz power. At the region between the two conditions of r . . l TC and r ,, l TC the relationship of P THz and P 0 2 changes from r 22 to r 2 . Then, as r decreases, P THz initially increases with r 22 , reaches its maximum at a certain size r p , then decreases with r 2 when r becomes smaller than r p . We obtained 3.2 3 10 25 conversion efficiency (number of THz photons per 820-nm photon) in the experiment at r p by assuming that all the THz photons were at a 1-THz frequency. Experiments show that r p l TC .
GaAs has a refractive index of 3.6 in the THz range, which leads a total internal ref lection angle of 16 ± at the boundary between GaAs and air. Once a silicon lens is attached to the GaAs, the total internal ref lection angle is expanded to 71 ± because of the comparable refractive index of 3.4 for silicon. If the THz radiation is not completely collected by the bolometer, the highest THz radiation efficiency will appear at r . r p .
The solid curves in Fig. 2 are the results calculated with r 2 and r 22 , with the amplitude normalized to the experimental data. The f igure shows that the model fits the experiment well when r is 5 50 mm. Similar r 2 -and r 22 -dependent features were also observed when ZnTe, InP, and GaP crystals were replaced with GaAs, where r means the average radius in a transparent crystal. At the region of r , 5 mm, P THz is low; the thermal background makes the experimental result depart from the calculated curve. Figure 3 includes THz waveforms and their spectra changing at different values of r. The three curves in Fig. 3(a) represent the conditions r . . r p , r ഠ r p , and r , , r p . As THz radiation has a wide bandwidth, a mean frequency was def ined by an arithmetic method for the total THz spectrum to describe the changes in the THz radiation spectrum at various source dimensions. Figure 3(b) shows the THz mean frequency changes with r. At the range r . r p , neither the THz waveform nor its spectrum changes significantly with r, although the total power does change. Yet, in the region where r # r p , the THz waveform changes, and its mean frequency blueshifts as r decreases.
To exclude effects that are due to high optical intensity, such as saturation, that may affect the results, we measured r p depending on incident power in the experiments shown in Fig. 1 . The relationship between P 0 and r p is plotted in Fig. 4 . Although the incident optical power changes by more than 1 order of magnitude, the relationship between P THz and r, as well as the value of r p , varied only in a small range. This means that high-intensity saturation is not the main reason for the reduction in THz power about the focal point.
Compared with the observed signal from a subwavelength aperture or a scattering subwavelength tip, which both show a signal reduction that is proportional to the sixth power of the source dimension, this mechanism has a higher eff iciency, with THz power decreasing only proportionally to the second power of the source dimension.
In conclusion, we have reported the measurement of THz generation by optical rectification as a rectified source dimension comparable to or much smaller than the center wavelength of THz radiation. The detected THz radiation power reaches the maximum once the radius of the THz source equals the center wavelength of the radiation. For r . r p , as r decreases, P THz initially increases with r 22 , reaches its maximum at r p , and then decreases with r 2 , as r is smaller than r p . This phenomenon has been explained by a model based on optical rectification and Bethe's diffraction theory. Its advantage in improving power throughput and increasing the spatial resolution of THz imaging also was discussed.
